The muscular coat of the viscera contains an enormous number of fibers. Uncoordinated activity of the small muscle cells, therefore, could never produce the regular muvements which are observed in these organs. In the absence of external stimuli rhythmic contractions of smooth muscles can only be understood by postulating some mechanism of conduction which codrdinates the activity of the numerous elements.
The muscular coat of the viscera contains an enormous number of fibers. Uncoordinated activity of the small muscle cells, therefore, could never produce the regular muvements which are observed in these organs. In the absence of external stimuli rhythmic contractions of smooth muscles can only be understood by postulating some mechanism of conduction which codrdinates the activity of the numerous elements.
At present it is generally assumed that this function is performed by a diffuse ganglionic plexus, present in the musculature of most viscera. However, this explanation is not applicable in the case of uterine musculature, which is free of ganglion cells and is capable of coerdinated activity.
A simple explanation of these facts was found in the assumption that the musculature of the uterus is a syncytium like cardiac muscle &nd physiological evidence for this assumption will be presented in this paper.
The results which were obtained for uterine muscle confirm a large part of the remarkable work of Engelmann (1869, 1870) on the ureter. This author observed that mechanical and electrical stimulation of the ureter produced a contraction wave which was propagated in either direction. Because Engelmann was unable to demonstrate ganglion cells in the ureter, except at both extreme ends, he concluded that the propagation of excitation was entirely muscular and that the muscular tissue was a syncytium.
This conclusion was supported particularly by the observation that electric current had the same polar effects as in nerve. Galvanic current initiated the response at the cathode and produced electrotonic changes.
Engelmann's conclusions were not generally accepted because ganglion cells were observed in the adventitia of the ureter over its whole length. It seemed possible, therefore, to explain the properties of this organ on the assumption that excitation was conducted by nervous elements. No decisive arguments for or against Engelmann's views have been advanced more recently (see Gruber, 1933 , for references), however, sume facts, which will be mentioned later, make it reasonably certain that nervous elements are not essential for the responses of the ureter.
The electric excitability of smooth muscle was studied by many investigators. Usually no attempt was made to decide whether the responses were due to direct stim ulation, but Monnier succeeded in eliciting contractions of the denervated nictitating membrane of the cat by electric stimulation.
Extensive studies of the responses of the latter muscle, produced by indirect stimulation, were made by Eccles and collaborators (Eccles, 1936 , for references), who obtained indirect evidence for the existence of a refractory phase and the validity of the all or none relation. On the other hand, Cannon and Rosenblueth (1937) , on the basis of experiments on the uterus of the cat, arrived at the conclusion that the responses of smooth muscle produced by electric stimulation are due to stimulation of motor nerves or due to the injurious effect of the strong electric currents used.
In the present paper it will be shown that visceral smooth muscle can be stimulated directly by electric current and that the excitability of this type of muscle differs only quantitatively from nerve and striated muscle, as indicated by measurements of the strength duration relationship, the rate of conduction and the refractory phase.
MATERTALANDMETHOD.
The uterus and ureter of guinea pigs, rabbits and cats were used. The uterus was cut longitudinally into strips, about I mm. wide. The mucous membrane and the underlying layer of muscular tissue were removed, Only exceptionally excitable uterine preparations showed spontaneous movements.
The muscles were immersed in Ringer's solution, buffered by 0.01 per cent NazHPOd. Zinc-zinc sulphate brush electrodes, which made contact with the muscle by cotton pads soaked in saline, stimulation.
The preparation, mounted on a glass plate, were was used for enclosed in a moist chamber which was immersed in a constant temperature bath (32"38°C.).
Solutions could be applied to the preparation through a glass tube. Galvanic current or condenser discharges (7pF) were suitable stimuli. For the measurement of chronaxie, rectangular shocks, obtained by a revolving contact breaker, were used. The rate of conduction was roughly estimated by following the spread of the active region of a muscle.
In some experiments the mechanical responses were recorded by a sensitive isometric lever.
The ureter is more suitable for quantitative studies than uterine strips. Observations on this organ will be reported here in as far as they supplement the results from uterine strips.
RESULTS.
In excitable uterine strips a weak electric field (0.2 to 0.4 volt) produces a response which is propagated over the whole preparation. Excitability and the ability to conduct vary and depend on hormonal influences. During anestrus, strips of the cat's uterus do not give any visible response to electric stimuli, however strong. A propagated re-sponse, however, can be obtained from uterine strips of guinea pigs and rabbits during esf~s and from cats if intraperitoneal injections of theelin have been given previously (200 int. units, 3 times daily for 4 or more days). Such preparations were used for the experiments described below. Also the uterus of pregnant guinea pigs is excitable electrically.
Adrenaline makes uterine strips from cafs non-excitable whereas cocaine in low concenfrations sensitizes both the ureter and the uterus of all the species tested. Chronaxie, rate of conduction and the duration of the refractory phase were determined; the average values found are summarized in table 1. The most remarkable finding is the great and consistenf quantitative dzerence between different smooth muscles. The time factor involved is long in all the muscles tested. In uterine strips from guinea pigs the rate of conduction was sometimes less than 1 mm. per second. The rates of conduction are clearly correlated with the chronaxies. Both the uterus and the ureter are fastest in -the cat and slowest in the guinea pig. Conduction is not interrupted by cutting the uterus in the shape of a zigzag band. This shows that conduction proceeds not only along longitudinal muscle strands but also transversely. In visceral muscle conduction may result from the mechanical stimulation, by an active region, of adjacent parts of the muscle, as shown by the observafions of Cannon (1912 ), Trendelenburg (1917 and Alvarez (1929) for the peristaltic waves in the gastro-intestinal tract. It seems improbable that conduction of this type is inGolved in the experiments reported here because muscle preparations which were so slack that the mechanical response was 'barely visible, were able to conduct, whereas only a strong stretch elicited a contraction. Figure 1 is a strength duration curve obtained from the ureter of a rabbit. in the rabbit's ureter. strong shocks about one second after an effective stimulus.
Very weak contractions could be obtained by However during the first three seconds the responses were not propagated and were limited to the region of the cathode.
Since the criterion of the absolutely refractory phase is the absence of a conducted response, the duration of this phase has to be taken roughly as 3 seconds.
It is noteworthy that, even during this period, local responses could be elicitied by strong stimuli.
Because of the long duration of the refractory state it is impossible to tetanize the ureter ( fig. 3) . on the contrary, is short compared with the therefore, can be tetanized (fig. 4) . This argument by itself does not entirely disprove the possibility that motor nerve fibers are involved, because it may be assumed (Cannon and Rosenblueth, 1937) that the properties of the thin nerve fibers inside the smooth muscle tissue differ from those of the fibers in nerve trunks.
d. The possibility that the excitatory phenomena described above are due to the so-called interstitial cells must be discussed, These cells, (Stoehr, 1932, for references) form a diffuse syncytial plexus within the muscular coat of viscera.
They are considered as nervous elements by some authors and as connective tissue cells by others. Tiegs (1925) and van Esveld (1928) have suggested that the automatic movements of the intestine may originate in these cells.
It can be shown, however, that a diffuse plexus of any kind is not involved in the responses of uterine muscle.
Whereas striated muscle and nerve do not respond to currents passing at right angles to their fibers, Fig. 3 Fig. 4 Fig. 3 a diffuse nerve plexus would be stimulated equally well by electric currents having different orientation with respect to the muscle fibers. This alternative was tested, using uterine strips from guinea pigs, about 5 mm. wide.
The rheobase was determined, first, when the current passed longitudinally, the distance of the electrodes being equal to the width of the strip.
After rearranging the cotton pads serving as stimulating electrodes so that the current passed at right angles to the strip, the rheobase was determined again. It was, then, 10 to 20 times higher than before.
The effect of orientation of the stimulating current could be shown even more strikingly by two slight modifications of the experiment just described.
Conduction was impaired by low temperature (30*-32"C.), so that a contraction of the circular muscle fibers could be obtained without any response of the longitudinal fibers. Furthermore, strips from pregnant animals were used because the tissue of the uterine wall becomes looser during pregnancy, making it easier to distinguish and separate individual strands of longitudinal and circular muscle fibers. Under these conditions, electric current passing at right angles to the preparation stimulated only the strands of circular fibers, whereas the longitudinal fibers contracted when the current passed longitudinally.
In one particular experiment the rheobase for the longitudinal muscle fibers was 350 m, volt (electrode distance 5 mm.) if the current passed longitudinally.
After rearranging the electrodes so that the current passed at right angles to the strip, the strands of circular fibers alone responded at 1.8 volt, whereas the longitudinal fibers did not respond at 9 volt.
The electrodes were finally rearranged for stimulation in longitudinal direction and a rheobase of 430 m. volt was f"ound. 3. Evidence for the syncytiul character of smooth muscle. If it is accepted that excitation of smooth muscle is purely muscular, it must be assumed, also, that conduction is muscular and not due to any nervous elements within the tissue. Since smooth muscle fibers are very short, it must be postulated, then, that excitation can be transmitted from muscle cell to muscle cell as in cardiac muscle.
This conclusion is supported by several additional observations, indicating that the muscle preparations used are single muscular units, namely, a, the validity of the all or none relation; b, the polar effects of the electric current; c, the absolute value of the rheobase, which has the same order of magnitude as in nerves and muscles consisting of long fibers; d, the existence of injury potentials and action potentials.
a. Figure 5 shows for the cat's uterus that every effective stimulus produces a maximal response. Similar records were obtained from the uterus of the guinea pig and the ureter of the cat, As shown by studies of action potentials (unpublished), single stimuli, under certain conditions, produce a repetitive discharge. The all-or-none law seems to hold also for these tetanic contractions. Uterine strips from cats which had received injections of theelin for 4 days were mainly used for the experiments just described. They rarely gave repetitive responses.
b. If the single smooth muscle fibers were independent units, all the fibers between the electrodes should behave alike, since all are under the influence of the same electric field. The whole muscle, consisting of innumerable small cells, should, therefore, contract or relax simultaneously under the influence of an electric. current and there could only be a difference of the response between both ends of each muscle cell.
Actually, however, the smooth muscle preparations used react to an electric current as if they were single cells. Engelmann (1870) observed that the responses of the ureter on making a galvanic current start at the cathode. The same is true for uterine strips.
c. If the distance between the stimulating electrodes was 4 cm., the rheobase usually was below 0.4 volt. Since the single fibers are only about 0.05 mm. long the potential difference applied to one cell during an effective stimulus was less than 0.5 m. volt, many times less than the minimal voltage for the fibers of nerves and of striated muscle. This fact is intelligible if the muscles studied are considered as the equivalent of single large cells, like cardiac muscle.
The rheobase of some other smooth muscles, like the denervated nictitating membrane (Monnier, 1936) , is very much higher than that of the muscles used here. This difference is not unexpected in view of the short length of the muscular units of the nictitating membrane.
d. Injury potentials should not be expected to occur in muscles consisting of units as short as single smooth muscle cells because these units would presumably be killed as a whole and the dead cells would merely serve as a lead for the intact portion of the muscle. Injury potentials, however, have been observed by Engelmann (1877) on the frog's stomach, Bacq and Monnier (1935) on the nictitating membrane, the uterus and urinary bladder of the cat. The potential differences observed are rather small (as much as 8 m, volt in the frog's stomach) compared with those of striated muscle, but this is not unexpected in view of the great amount of connective tissue present in most .smooth muscles.
In my own experiments injury potentials were detected consistently after applying I per cent KC1 on an intact ,portion of a muscle preparation and were found 1.5 to 2.0 m. volt in the guinea pig's ureter and 2.4 to 4.4 m. volt in strips from the cat's uterus.
Also the existence of action potentials in smooth muscle is difficult to reconcile with the assumption that the single cells are units comparable to striated muscle fibers because the potential differences produced by the innumerable cells lying between two electrodes should be expected to cancel out. Sufficiently large potential differences could be produced if the electric changes were asymmetrical in all the cells in a manner suggested by Rosenblueth, Davis and Rempel (1936) . Such an assumption becomes unnecessary, at least for visceral muscles, by considering smooth muscle as a syncytium.
DISCUSSION. It cannot be decided as yet whether the results obtained for the uterus and ureter can be generalized to include other kinds of smooth muscle.
It does not seem probable that widespread syncytial connections occur in smooth muscles supplied by true motor nerves, like the musculature of blood vessels or the nictitating membrane.
It is noteworthy, however, that injury potentials (Bacq and Monnier, 1935 ) and action potentials (Cannon and Rosenblueth, 1937 , for references), Erlanger and Gamer (1937) .
have been observed in the latter organ, suggesting that the physiological units are larger than single muscle cells.
The conclusion that visceral muscles behave like syncytia and that excitation can be conducted from cell to cell is supported by studies of the structure of visceral smooth muscle (Hgggquist, 1931, and Boeke, 1932 , for references), indicating that there are broad anastomoses between the muscle cells. There is consequently a perfect analogy between cardiac and visceral muscle, both histologically and physiologically.
It may seem difficult to understand on this basis the great variety of movements of viscera. However, various types of motility may be the result of quantitative differences of the excitability of different smooth muscles. For instance, the different duration of the refractory phase of the uterus and ureter, or the different velocity of conduction in the uterus of different species must produce a different type of activity.
Furthermore, excitability and conduction ar.e influenced by hormones, as shown by the effect of theelin and adrenaline on the cat's uterus, and possibly also by nervous action.
It seems interesting to compare some of the properties of smooth muscle with those of other excitable tissues.
As shown in table 2, the difference between the fastest and slowest nerve fibers is greater than that between slow nerve fibers and some smooth muscles.
It seems probable, therefore, that the differences between these types of tissues, phenomena are concerned, are only quantitative.
as far as excitatory SUMMARY The responses of two visceral smooth muscles, the uterus and ureter, to electric stimuli were studied.
Uterine strips were used for most experiments because they do not contain a ganglionic plexus.
In suitable uterine preparations weak electric stimuli produce a contraction which is conducted over the whole muscle in either direction at a slow velocity.
The electric excitability of uterine muscle is greatest during estrus. During anestrus the uterus is entirely inexcitable (as in the cat) or it gives only weak contractions which are not propagated (as in guinea pig). The excitability is increased by injections of theelin (p. 615). Several facts disprove the assumption that the responses are due to stimulation of motor nerves. a. Only inhibitory nerves are present in the uterus of some of the species used like the cat; b, cocaine 1~200 does not abolish excitability or conduction; c, chronaxie and refractory phase are much longer than in the slowest type of nerve fibers (p. 617); d, muscle fibers oriented at right angles to the direction of flow of an electric current are not stimulated, proving that a diffuse nervous plexus is not responsible for excitation (p. 618).
Since th .e excitato structures i t must phenomena of smooth muscle are n be assumed that excitation can be .ot due to nervous conducted from muscle cell to muscle cell. The muscles studied in this paper, therefore, must be considered as syncytia.
This conclusion is confirmed by some further experimental results which indicate a close agreement between the properties of visceral sbooth muscle and cardiac muscle. a. The all or none relation is valid (p. 619); b, the electric current has polar effects as in nerve and muscles consisting of long fibers (p. 620); c, the rheobase has the same order of magnitude as in muscles consisting of long fibers (p. 620) ; d, injury potentials and action potentials are present.
A comparison of the properties of visceral smooth muscle with those of nerve indicates that the differences between these tissues, as far as excitatory processes are concerned, are purely quantitative (p. 622).
